1. Introduction {#sec1}
===============

In photosystem II (PSII) Tyr~Z~ (Y~Z~) acts as a redox mediator between the oxidized primary electron donor, P680^•+^, and the oxygen evolving complex (OEC), a Mn~4~CaO~5~ cluster where water oxidation takes place. By providing an interface between the fast photoinitiated steps of photosynthesis and the slow catalytic process of water oxidation, Y~Z~ is thought to be an important factor contributing to the high photochemical quantum efficiency of PSII.^[@ref1],[@ref2]^ It is known that upon oxidation Y~Z~ donates a proton to its hydrogen-bonded partner, His-190, and that the thermodynamic activity of this proton is crucial for preserving the high redox potential necessary for water oxidation. This is one of the most widely cited proton-coupled electron transfer (PCET) processes in natural systems.^[@ref3]−[@ref9]^

This reaction has also been proposed to play an essential thermodynamic role in the generation of proton motive force (PMF). In 2000, Tommos and Babcock wrote, "it is at the level of Y~Z~ that proton currents are switched on", and hypothesized that, instead of a single proton transfer upon oxidation of Y~Z~, a series of proton transfers can be associated with the oxidation of the phenol, culminating with proton release into the lumen contributing to the PMF.^[@ref1]^ In agreement with this hypothesis, a possible proton channel from the OEC through Y~Z~ and extending to the thylakoid lumen was identified in the 1.9 Å resolution crystal structure of PSII obtained by Umena et al.^[@ref10]^ However, the issue of proton channels within PSII remains controversial, and the identification of functional proton pathways in the water oxidation cycle is an active area of theoretical and experimental research. Several proton pathways have been proposed, consisting of networks of hydrogen-bonded polar residues and water molecules, where protons can diffuse by a Grotthuss-type mechanism spanning the ∼20 Å distance between the OEC and the lumen.^[@ref11]−[@ref14]^ It is unambiguous, however, that the protons liberated upon water oxidation find their way to the lumen, where they contribute to the PMF across the thylakoid membrane.

The design, synthesis, and study of simple systems where multiple proton transfers can be associated with the oxidation of a phenol in a concerted mechanism is a challenging but worthwhile endeavor. In addition to providing a deeper understanding of natural systems such as PSII, these studies help to establish design principles for controlling proton activity at catalytic water oxidation sites in artificial photosynthesis, where managing proton activity is thought to be key to efficient catalysis.^[@ref15]−[@ref17]^ Costentin et al. demonstrated two protons transferring concertedly with one electron transfer using an intramolecular contiguous alcohol proton relay induced by oxidation.^[@ref18]−[@ref21]^ Herein, we provide theoretical and experimental evidence in biomimetic constructs consisting of benzimidazole phenols (BIPs) substituted with amino groups (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} for the example of BIP-CH~2~NEt~2~) for a concerted one-electron two-proton transfer (E2PT) process that takes place when the phenol is oxidized electrochemically. We call this process E2PT to differentiate it from the EPT process that describes a concerted one-electron one-proton transfer process. The E2PT process shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} results in the translocation of protons over a distance of ca. 7 Å and is a starting point for the design of bioinspired proton wires. Although oxidation of the phenol in the amino-BIPs reported here was electrochemically driven, the E2PT process could be light-driven by substituting the BIP of photochemically activated triad systems previously reported by amino-BIPs.^[@ref2],[@ref22]−[@ref24]^

![A bioinspired system: substituted benzimidazole phenol (BIP-CH~2~NEt~2~), consisting of a phenol internally hydrogen bonded to a benzimidazole proximal nitrogen and a secondary proton acceptor, a tertiary amine, that is hydrogen bonded to the distal NH of the benzimidazole. Upon electrochemical oxidation of the phenol, the system undergoes two concerted proton transfer reactions, resulting in a phenoxyl radical and an ammonium ion.](oc-2017-001258_0006){#fig1}

2. Results and Discussion {#sec2}
=========================

2.1. Synthesis and Characterization {#sec2.1}
-----------------------------------

Benzimidazole phenol derivatives (BIPs, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) have been chosen to examine the mechanism of proton transfer that accompanies the oxidation of the phenol moiety, and to validate the theoretical prediction of a lowered redox potential for a concerted one-electron two-proton reaction (*vide infra*). Different substitutions on the BIP allow for the interrogation of both one- and two-proton transfer reactions paired with a redox event on a single molecular platform. Substituted BIPs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) were synthesized by a modification of the standard procedure ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00125/suppl_file/oc7b00125_si_001.pdf), synthesis) with *o*-phenylenediamine or its carbomethoxy derivative and the complementary *o*-hydroxybenzaldehyde derivative as starting substrates for the Philipps--Ladenburg reaction.^[@ref22],[@ref25],[@ref26]^ Amide **4** was prepared by aminolysis of **3**, and amide **5** was prepared by a coupling reaction starting with **2** and diethylamine with 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide (EDCI) as a coupling reagent. The reduction of **4** and **5** with LiAlH~4~ generated the corresponding amines, **6** and **7**.

![Benzimidazole phenol derivatives (BIPs) of the present study.](oc-2017-001258_0001){#fig2}

The presence of a strong intramolecular hydrogen bond involving the phenol and the nitrogen lone pair of benzimidazole (∼2.5 Å O--N distance) is well established,^[@ref2],[@ref27]^ and NMR data for **1**--**7** support such a bond in these cases. Evidence for the formation of a hydrogen bond between the distal NH of benzimidazole and the benzylamine nitrogen ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) comes from the NMR chemical shift of the distal NH group of benzimidazole. The chemical shift of benzimidazole NH varies considerably with solvent, shifting downfield by about 2.5 ppm from chloroform to acetone. This change is attributed to the formation of hydrogen bonds with the solvent in the case of acetone.^[@ref2]^ In **7** the ^1^H resonance of the benzimidazole NH is found at 11.17 ppm in chloroform, considerably downfield compared to the equivalent NH in **1** (9.34 ppm),^[@ref22]^ and does not shift over 10-fold changes in concentration. Additional support for the formation of the hydrogen bond between the distal NH of benzimidazole and the exocyclic amine nitrogen comes from IR data, where a shift to lower frequencies is observed for the stretching and bending vibrations involving the NH compared with **1** ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B and [Figures S28 and S31](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00125/suppl_file/oc7b00125_si_001.pdf)).

Because of the unsymmetrical benzimidazole group, any BIP substituted at the 4 position (i.e., compounds **2**--**7** in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) consists of a mixture of two isomers due to tautomerization of the imidazole and rotation around the bond between the benzimidazole and the phenol moieties. Because their interconversion is slow on the NMR time scale (lifetime of the isomers is \>200 ms as measured for BIP-5-CH~3~), their presence and ratio can be clearly detected by ^1^H NMR. Only one of the isomers has the two internal hydrogen bonds necessary for E2PT; it is shown above for **7** ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) where the OH is hydrogen bonded to the lone pair of the benzimidazole nitrogen and a second internal hydrogen bond exists between the lone pair of the exocyclic NEt~2~ group and the distal NH of the benzimidazole. The other isomer (not shown) lacks the hydrogen bond between the distal NH of the benzimidazole and the NEt~2~. The ratio of isomers is approximately 1:1.5 in the case of **7** in acetonitrile as determined by ^1^H NMR ([Figure S22](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00125/suppl_file/oc7b00125_si_001.pdf)).

2.2. Electrochemical Evidence for a Concerted E2PT Process in BIP-CH~2~NH~2~ (**6**) and BIP-CH~2~NEt~2~ (**7**) {#sec2.2}
----------------------------------------------------------------------------------------------------------------

The redox potentials for compounds **1**--**8** were calculated with DFT using previously benchmarked methods described elsewhere,^[@ref28]^ and the predicted values were subsequently found to be consistent with the experimental measurements ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). For most of the BIP compounds (**1**--**5** and **8**), the predicted and experimental redox potentials are ∼0.9--1.0 V vs SCE in acetonitrile and correspond to the concerted oxidation of the phenol and transfer of the phenolic proton to the benzimidazole (an EPT process). For **6** and **7**, the oxidation of the phenol was predicted by DFT to occur concertedly with the transfer of *both* the phenolic and distal benzimidazole protons (an E2PT process) on the basis of a thermodynamic analysis, as discussed below. Moreover, prior to experimental measurements, the DFT calculations predicted that this concerted two-proton transfer would shift the potentials by approximately 300 mV to less positive values (∼0.6 V vs SCE) in **6** and **7**.

###### Calculated and Experimental First Redox Potentials for the Phenol of BIPs

                                                            *E*~1/2~ (V vs SCE)                    
  --------------------------------------------------------- -------------------------------------- --------------------------------------
  **1**: BIP                                                1.04[a](#t1fn1){ref-type="table-fn"}   1.04[b](#t1fn2){ref-type="table-fn"}
  **2**: BIP-COOH                                           0.98                                   0.90
  **3**: BIP-COOMe                                          0.96                                   0.93
  **4**: BIP-CONH~2~                                        0.94                                   0.92
  **5**: BIP-CONEt~2~                                       0.95                                   0.92
  **6**: BIP-CH~2~NH~2~                                     0.66                                   0.56
  **7**: BIP-CH~2~NEt~2~                                    0.57                                   0.54
  **8**: BIP-PF~10~                                         0.94                                   1.00[b](#t1fn2){ref-type="table-fn"}
  **9**: BIP-Ph^H^imine[c](#t1fn3){ref-type="table-fn"}     0.84                                   n/a
  **10**: BIP-Ph^Me^imine[c](#t1fn3){ref-type="table-fn"}   0.82                                   n/a
  **11**: BIP-Ph^Cl^imine[c](#t1fn3){ref-type="table-fn"}   0.88                                   n/a

This couple was used as the reference for all other calculated potentials, so it agrees with the experimental value by construction. In this procedure, the redox potentials for **2**--**11** were calculated relative to the redox potential of **1**, which was shifted to agree with the experimental value (i.e., the difference between the experimental and calculated values for **1** was added to all calculated potentials).

Experimental data from ref ([@ref2]).

For the structures of **9**--**11** see [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00125/suppl_file/oc7b00125_si_001.pdf).

This theoretical prediction is corroborated experimentally (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). The cyclic voltammograms (CVs) of the amino substituted BIPs exhibit a midpoint potential approximately 300 mV less positive than that of the other BIPs. The waves are quasi-reversible in acetonitrile solution with a peak-to-peak separation of ∼100 mV. Good evidence that the observed redox waves at 0.56 and 0.54 V vs SCE for **6** and **7**, respectively, correspond to the oxidation of the phenol comes from the comparison with the redox characteristics of the reference compounds lacking the phenol group, benzylamine and diethylbenzylamine, which exhibit irreversible oxidation waves at 1.45 and 0.85 V vs SCE, respectively, and thus are substantially different from **6** and **7** ([Figure S23A,B](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00125/suppl_file/oc7b00125_si_001.pdf)). Furthermore, titration with trifluoracetic acid (TFA) of a solution of **7** in dichloromethane ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B and [Figure S25B](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00125/suppl_file/oc7b00125_si_001.pdf)) clearly shows the disappearance of the wave at ∼0.6 V vs SCE associated with the E2PT process, and at 2 mM TFA the appearance of the wave typical of the EPT process observed for BIPs **1**--**5** listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. These results are explained by protonation of the exocyclic amino group by TFA (p*K*~a~ ∼ 13 in acetonitrile) in either **6** (primary amino group p*K*~a~ ∼ 17 in acetonitrile) or **7** (tertiary amino group p*K*~a~ ∼ 19 in acetonitrile), which eliminates the exocyclic amino group as a thermodynamically competent secondary proton acceptor.^[@ref29]−[@ref31]^ At even higher concentrations of TFA, the electrochemical oxidation of the protonated benzimidazole group can be detected at ∼1.4 and 1.5 V vs SCE for **6** and **7**, respectively ([Figure S25A,B](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00125/suppl_file/oc7b00125_si_001.pdf)).^[@ref32]^

![(A) CVs of BIPs. Concentration: 1 mM of the indicated BIPs, 0.5 M TBAPF~6~ in dry acetonitrile. WE: glassy carbon. RE: Ag/AgCl (Fc as internal reference). CE: Pt. Note that **3**, **4**, and **5** do not oxidize at 0.7 V vs SCE. (B) CVs of **7** before and after the addition of 2 equiv of TFA in dry dichloromethane. Concentration of **7**, 1 mM, 0.5 M TBAPF~6~ supporting electrolyte. WE: glassy carbon. RE: Ag/AgCl (Fc as internal reference). CE: Pt. Sweep rate, 100 mV s^--1^.](oc-2017-001258_0002){#fig3}

The absence of two proton transfers associated with the single electron oxidation of the phenol for **2**--**5** can be explained on thermodynamic grounds. The p*K*~a~s in acetonitrile of the protonated carbonyl groups of **2** and **3** are ≤0, and those of **4** and **5** are ∼4,^[@ref33]^ which is much lower than the p*K*~a~ of the benzimidazolium ion in acetonitrile (∼14).^[@ref30]^ Therefore, a second proton transfer is thermodynamically unfavorable. The calculated free energy differences^[@ref28]^ between the oxidized product after double proton transfer and the oxidized product after single proton transfer are given in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. These values indicate that when the BIPs are substituted with better proton acceptors such as primary or tertiary amines, the second proton transfer becomes thermodynamically favorable, and an E2PT process could occur.

###### Calculated Δ*G*° between Double and Single PT Oxidized States[a](#t2fn1){ref-type="table-fn"}

  oxidized species              Δ*G*° (kcal/mol)
  ----------------------------- ------------------
  **2**: BIP-COOH^•+^           15.2
  **3**: BIP-COOMe^•+^          14.9
  **4**: BIP-CONH~2~^•+^        7.1
  **5**: BIP-CONEt~2~^•+^       5.6
  **6**: BIP-CH~2~NH~2~^•+^     --4.2
  **7**: BIP-CH~2~NEt~2~^•+^    --6.5
  **9**: BIP-Ph^H^imine^•+^     --2.9
  **10**: BIP-Ph^Me^imine^•+^   --3.1
  **11**: BIP-Ph^Cl^imine^•+^   --2.1

The reported values are the free energy differences between the oxidized state with and without the second proton transfer. The double proton transfer corresponds to proton transfer from the phenol to the proximal imidazole N and proton transfer from the distal imidazole NH to the R group, while the single proton transfer corresponds to only the first proton transfer. Negative values for Δ*G*° indicate that the double proton transfer is more thermodynamically favorable than the single proton transfer. No values are reported for **1** and **8** because only a single proton transfer is possible. Using the experimental p*K*~a~s (*vide supra*)^[@ref29]−[@ref31]^ for the benzimidazole and exocyclic amines in acetonitrile we estimated Δ*G*° = −3.9 kcal/mol for **6** and −6.5 kcal/mol for **7**, in good agreement with the calculated values.

The thermodynamic price paid for the E2PT process in **6** and **7** is the loss of ∼300 mV in the redox potential of the phenol, indicating that neither could be used to oxidize a catalyst for water oxidation at near-neutral to acidic pH. This price must be a function of the Δp*K*~a~ between the proton acceptor and donor for the second proton transfer (i.e., the p*K*~a~ difference between the protonated exocyclic amine and the distal NH of the benzimidazolium ion). Encouragingly, however, theoretical calculations predict that substituents with reduced p*K*~a~s, such as substituted imines attached to BIP (see **9**--**11** in [Tables [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [2](#tbl2){ref-type="other"} and [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00125/suppl_file/oc7b00125_si_001.pdf)), would still undergo concerted E2PT but maintain a considerably higher potential for the phenol oxidation.

It is interesting to consider the implications of these findings for the phenolic proton of the Tyr~Z~-His pair in photosynthesis. If the phenolic proton is pumped into the lumen and the phenol is "reloaded" with a proton from ongoing water oxidation, the Δp*K*~a~ between the His and lumen must be less than that of **6** and **7** in order for the redox relay to be able to oxidize the OEC. This Δp*K*~a~ is a function of the proton electrochemical potential (in the Michelian sense) inside the lumen, and could maintain the redox poise sufficient to oxidize the OEC.^[@ref34]^ Alternatively, if the phenolic proton is not pumped into the lumen, but remains shared between the phenoxyl radical and its His hydrogen-bonded partner, the surroundings could modulate the Δp*K*~a~ to maintain the necessary redox potential. This mechanism has been proposed and is known as proton rocking.^[@ref35],[@ref36]^ As alluded to in the [Introduction](#sec1){ref-type="other"}, regardless of mechanistic details, this proton is a key player in water oxidation and the concomitant generation of the PMF in photosynthetic membranes.

2.3. Infrared Spectroelectrochemistry {#sec2.3}
-------------------------------------

Infrared spectroelectrochemistry (IRSEC) allows for the identification of bonding changes due to redox-linked protonation/deprotonation of specific sites in the molecules during the PCET process. For example, in the IRSEC spectra obtained for **1** at a potential of 1.0 V vs SCE, protonation of the benzimidazole moiety upon oxidation of the phenol can be easily detected by the decrease in the intensity of the bands at 3453 and 3415 cm^--1^, which correspond to the NH stretching of the benzimidazole moiety, and the concomitant appearance of the band at 3323 cm^--1^, which corresponds to the NH stretching of the benzimidazolium ion ([Figure S26A](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00125/suppl_file/oc7b00125_si_001.pdf)).^[@ref27],[@ref37]^ In agreement with this observation, similar changes were detected in this region of the IR spectrum when a solution of **1** was treated with gaseous HCl ([Figure S26B](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00125/suppl_file/oc7b00125_si_001.pdf)).

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A shows the IRSEC spectra of **1** at lower frequencies (1700--1300 cm^--1^), where large changes in absorbance are indicated with upward (increasing intensity) and downward (decreasing intensity) arrows when a potential of 1.0 V vs SCE was applied. Many of the changes observed are similar to those observed in the IR spectrum of **1** when it is treated with gaseous HCl (see the bands at 1626, 1556, and 1526 cm^--1^, red arrows in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). For example, the band at 1626 cm^--1^ increases considerably both under the applied potential and following protonation by treatment of **1** with HCl. This band has a large component of the C=N stretching vibration of the benzimidazole, for which the dipole moment increases upon protonation.^[@ref37]^ However, some mismatches are expected between the IR and the IRSEC spectra because the IRSEC detects the bonding changes associated with the formation of the phenoxyl radical and the associated proton transfer (the EPT process), whereas the treatment with HCl only affords a protonation state mimicking the product of the EPT process without the ET. For example, a new band at 1556 cm^--1^ grows in both spectra when a potential of 1.0 V vs SCE is applied ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A) and when **1** is protonated by treatment with gaseous HCl ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B); however, the band at ∼1526 cm^--1^ decreases in intensity under the applied potential ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A) but disappears upon protonation ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). The band at 1556 cm^--1^ includes an NH in-plane bending vibration in the benzimidazolium ion, while the band at 1526 cm^--1^ includes an NH in-plane bending mode of the benzimidazole that includes a considerable contribution from the phenoxyl radical, as supported by DFT normal-mode analysis ([Figures S35 and S36](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00125/suppl_file/oc7b00125_si_001.pdf)).^[@ref37]−[@ref39]^ Both of these bands exhibit clear shifts to lower wavenumbers upon deuteration ([Figures S32A,B](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00125/suppl_file/oc7b00125_si_001.pdf)). In summary, considering the close correlation between the IRSEC and the IR data, it can be concluded that protonation of BIP by HCl acid and by the EPT process produces similar changes in the bonding around the benzimidazole moiety, namely, the formation of the benzimidazolium ion.

![(A) Time course of the IRSEC spectra of **1** (19 mM) obtained at a potential of 1.0 V vs SCE. The spectrum of **1** obtained at resting potential is shown in black. Solvent dichloromethane, 0.1 M TBAPF~6~. (B) IR spectra of **1**, neutral (black) and protonated with gaseous HCl (blue). Solvent dichloromethane.](oc-2017-001258_0003){#fig4}

Because the redox potentials of **6** and **7** are ∼300 mV lower than those of BIPs **1**--**5**, the changes in the IRSEC spectra of **6** and **7** are expected to occur at significantly lower potentials than those of the other BIPs. As predicted, the IRSEC spectrum of **1** does not show any changes when a potential of 0.7 V vs SCE was applied ([Figure S29A,B](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00125/suppl_file/oc7b00125_si_001.pdf)), while the IRSEC spectrum of **7** shows significant changes over several minutes at this potential, the results of which are described below.

In the IRSEC spectrum of **7** obtained at zero applied potential, a band is observed at 3375 cm^--1^, which corresponds to the stretching mode of the benzimidazole NH ([Figure S28A](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00125/suppl_file/oc7b00125_si_001.pdf)). The shift of the NH stretching mode from ∼3430 cm^--1^ in **1** to 3375 cm^--1^ in **7** can be interpreted as a weakening of the benzimidazole NH bond due to the formation of the internal hydrogen bond with the exocyclic tertiary amine. When a potential of 0.7 V vs SCE is applied in the case of **7**, two new bands grow in at ∼3460 and 3190 cm^--1^, which are assigned to the stretching modes of the proximal benzimidazole NH and the NH of the exocyclic ammonium ion, respectively. These assignments are supported by the calculated normal modes for **7** ([Figures S35 and S36](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00125/suppl_file/oc7b00125_si_001.pdf)). It is important to note that no indication of a benzimidazolium NH stretching band, observed at 3323 cm^--1^ for **1** after EPT, can be detected in the case of **7**.

In the region between 1700 and 1300 cm^--1^ no difference can be detected in the spectra of **1** taken at 0 and 0.7 V vs SCE ([Figure S29B](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00125/suppl_file/oc7b00125_si_001.pdf)), as the EPT process is expected to occur at ∼1.0 vs SCE. Under comparable conditions for **7**, four distinct bands at 1622, 1604, 1529, and 1340 cm^--1^ increase in intensity, while the band at 1515 cm^--1^ decreases in intensity ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A). The band at 1515 cm^--1^ has a large component of the NH in-plane bending, comparable to the band at 1526 cm^--1^ of **1** but at lower frequency, in agreement with the presence of an internal hydrogen bond with the exocyclic amine. Importantly, there is no band growing in at 1556 cm^--1^ for **7**, which was clearly observed for **1** after EPT. This band corresponds to the formation of the benzimidazolium ion and can be observed in the IR spectrum of **7** only after treatment with excess gaseous HCl, where both the exocyclic amino group and the benzimidazole moiety are expected to be protonated ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B and [Figure S31C](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00125/suppl_file/oc7b00125_si_001.pdf)).

![(A) Time course of the IRSEC spectra of **7** (17 mM) obtained at a potential of 0.7 V vs SCE. The spectrum of **7** obtained at resting potential is shown in black. Solvent dichloromethane, 0.1 M TBAPF~6~. (B) Spectra of **7** neutral (black), tertiary exocyclic amine protonated with 2 equiv of TFA (pink), and protonated with excess gaseous HCl (blue). Solvent dichloromethane.](oc-2017-001258_0004){#fig5}

The data in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B indicate that adding 2 equiv of TFA to a solution of **7** protonates the exocyclic amine, which disrupts the hydrogen bond with the distal NH of the benzimidazole and prevents this second proton transfer ([Figure S31B](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00125/suppl_file/oc7b00125_si_001.pdf)). This process was monitored by the disappearance of the band at 1515 cm^--1^ and the concomitant appearance of the band at 1529 cm^--1^ ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B and [Figure S33A](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00125/suppl_file/oc7b00125_si_001.pdf)). The band at 1529 cm^--1^ is characteristic of the benzimidazole NH bending vibration and upon deuteration shifts to 1506 cm^--1^ ([Figure S33B](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00125/suppl_file/oc7b00125_si_001.pdf)). The IRSEC experiments ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A) show that the bands at 1515 and 1529 cm^--1^ change in the same manner upon oxidation of the phenol as they did in the TFA titration above. This behavior is consistent with protonation of both the exocyclic amine and the proximal N of the benzimidazole ([Figure S31D](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00125/suppl_file/oc7b00125_si_001.pdf)). These observations provide further evidence for the proposed E2PT process ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) in which the exocyclic amine and the proximal N of the benzimidazole are protonated but the distal N of the benzimidazole is not protonated after oxidation of the phenol in **7**.

2.4. KIE Calculations and Experimental Results {#sec2.4}
----------------------------------------------

A kinetic isotope effect (KIE) is often regarded as the hallmark of reactions involving concerted PCET processes, although exceptions are possible.^[@ref40],[@ref41]^ Experimental KIE values were determined electrochemically and are reported in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"} along with theoretical values (*vide infra*). For the BIP derivatives **1**--**5** reported in this work, a KIE of ∼2 is expected if the PCET takes place by a concerted mechanism, according to studies of related systems.^[@ref27],[@ref42],[@ref43]^ In [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}, the theoretical KIE values for compounds **1**--**5** correspond to a single proton transferred concertedly upon oxidation of the phenol (EPT). In the case of **6** and **7**, the calculated KIE values correspond to two protons transferred concertedly upon oxidation of the phenol (E2PT).

###### Calculated and Experimental Kinetic Isotope Effects

                                                      KIE   
  --------------------------------------------------- ----- -------------------------------------------
  **1**: BIP                                          1.9   n/a (1.4[b](#t3fn2){ref-type="table-fn"})
  **2**: BIP-COOH                                     2.0   1.5 ± 0.3
  **3**: BIP-COOMe                                    2.1   1.8 ± 0.3
  **4**: BIP-CONH~2~                                  1.8   1.7 ± 0.5
  **5**: BIP-CONEt~2~                                 2.0   n/a
  **6**: BIP-CH~2~NH~2~                               1.6   n/a
  **7**: BIP-CH~2~NEt~2~                              1.3   0.9 ± 0.5
  **8**: BIP-PF~10~[c](#t3fn3){ref-type="table-fn"}   1.0   1.0 ± 0.3

The uncertainties of the calculated KIEs are approximately ±0.5 within this theoretical framework ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00125/suppl_file/oc7b00125_si_001.pdf), KIE).

Data for related compound from ref ([@ref43]).

[Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00125/suppl_file/oc7b00125_si_001.pdf), BIP-PF~10~.

We calculated the electrochemical rate constant using a general PCET theory.^[@ref44]^ In this treatment, the anodic nonadiabatic EPT rate constant for fixed proton donor--acceptor distance (*R*) is given by^[@ref45]−[@ref47]^where the double summation is over all pairs of reactant/product electron--proton vibronic states, *P*~μ~ is the Boltzmann probability for vibronic state μ, *f*(ε) is the Fermi distribution function for the electronic states with energy ε in the electrode, ρ~M~ is the density of states at the Fermi level, *V*^el^ is the electronic coupling, β′ is a parameter of magnitude ∼1 Å^--1^ representing the exponential decay of *V*^el^ with distance, λ is the reorganization energy, *S*~*μν*~ is the overlap integral between the proton vibrational wave functions μ and ν, and Δ*G*~μν~^⧧^ is the free energy barrier associated with states μ and ν, which depends on the overpotential η. In [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, *P*~*μ*~, *S*~*μν*~, and Δ*G*~μν~^⧧^ depend on the proton donor--acceptor distance *R*. A detailed explanation of how the parameters in [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} are defined and calculated is given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00125/suppl_file/oc7b00125_si_001.pdf) (pages S39--S53).

To account for the proton donor--acceptor motion, the rate constant is thermally averaged over the proton donor--acceptor distance *R*:^[@ref40],[@ref48]−[@ref50]^Thus, the overall EPT rate constant is determined by calculating the rate constant at a series of *R* values and numerically integrating over *R*, weighting the rate constant by the probability *P*(*R*) of sampling each *R* value. For a given pair of reactant/product (μ/ν) vibronic states, the rate constant is proportional to the square of the proton vibrational wave function overlap (*S*~*μν*~), and the KIE is proportional to the square of the ratio of the overlaps for hydrogen and deuterium.^[@ref40],[@ref51]^ Typically, the KIE increases as the overlap decreases. However, the combined summation over all pairs of reactant/product vibronic states and the integration over *R* leads to more complex behavior that requires the complete calculation of the rate constant for each molecular system. This theoretical treatment has been extended to the case of concerted electron transfer with two proton transfers (E2PT), resulting in similar physical principles but additional complexity.^[@ref49]^

KIEs were experimentally measured in the electrochemical oxidation of several of the phenols shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} (see [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"} and [Figure S34B](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00125/suppl_file/oc7b00125_si_001.pdf)). Overall, the calculated and experimentally measured KIE values are in good agreement, with both sets of KIE values showing similar trends across the BIP compounds studied. The KIE values obtained for BIPs **1**--**4** are relatively small but are in line with previously reported values for related systems.^[@ref27],[@ref43],[@ref52],[@ref53]^ A more detailed analysis of the KIEs is provided in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00125/suppl_file/oc7b00125_si_001.pdf) (pages S54--S61). The theoretical calculations lead to a KIE of unity for **8** because of dominant contributions from excited vibronic states with vibrational wave function overlaps that are nearly unity, mainly arising from the delocalization of the unpaired electron onto the porphyrin ring in the oxidized state. In contrast, the calculated KIEs of ∼2 for BIPs **1**--**5** arise because of dominant contributions from excited vibronic states with smaller vibrational wave function overlaps (∼0.5). In the case of **6** and **7**, where two proton transfers are associated with the oxidation of the phenol, the calculated KIE values, as well as the experimentally measured KIE for **7**, are slightly smaller than those of BIPs **1**--**5**.

In principle, the shift in the redox potentials for compounds **6** and **7** could arise from a stepwise mechanism, in which an EPT step is followed by very fast, thermodynamically favorable transfer of the second proton, leading to the E2PT product. Because the CVs cannot clearly distinguish between this stepwise mechanism and the concerted E2PT mechanism, we are unable to rule out this possibility definitively. However, the DFT calculations indicate that the concerted mechanism is thermodynamically favored over the stepwise mechanism by 4--7 kcal/mol for compounds **6** and **7** ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). Moreover, for compound **7**, the calculated KIE assuming the concerted E2PT mechanism is in agreement with the experimental KIE, which is slightly lower than the KIEs for the BIP compounds undergoing an EPT process (**1**--**5**, [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}), also supporting an E2PT mechanism for **7**. However, due to the error bars in both the experimental and calculated KIEs, this agreement does not provide conclusive evidence of a specific mechanism. All of these data point to either a concerted E2PT mechanism or a stepwise mechanism with an extremely short-lived intermediate, which could be viewed as virtually concerted on relevant time scales. Regardless of the detailed mechanism, the net process is the transfer of two protons upon oxidation of the BIP, producing the E2PT product, for compounds **6** and **7**.

3. Conclusion {#sec3}
=============

In this work, we explored fundamental principles involved in coupling a redox process to proton transfer(s) in a redox relay inspired by photosynthesis. Theory predicted that a concerted two-proton transfer process associated with the oxidation of a phenol that is hydrogen bonded to a benzimidazole--amine construct would reduce the redox potential of the phenol by ∼300 mV and have a low KIE. Electrochemical, spectroelectrochemical, and KIE experimental data provide strong evidence that this E2PT process has indeed been observed. This is a powerful example of the predictive potential of theory, which clearly can be used to guide the rational design of artificial systems for energy conversion.

Protons are important in myriad ways for solar fuel production, beginning with their role in the catalysis of water oxidation to yield oxygen, protons, and reducing equivalents and ending with their role in the production of reduced carbon or hydrogen as fuels.^[@ref15],[@ref36]^ Managing proton activity is key to achieving low overpotentials for proton-linked redox reactions and to providing the "redox leveling" necessary for carrying out redox reactions involving multiple electrons coupled to a fixed redox source.^[@ref54]^ This study also helps address the thermodynamic consequences associated with the loss of the proton on Y~Z~ of PSII to the lumen in natural photosynthesis, as well as the thermodynamic cost in redox energy of moving protons in PCET processes via proton diffusion through a hydrogen-bonded network.

4. Methods {#sec4}
==========

4.1. Theoretical {#sec4.1}
----------------

The geometry optimizations and proton potentials were calculated with density functional theory (DFT) using the B3LYP functional and a 6-31G\*\* basis set. Solvent effects were included using a conductor-like polarizable continuum model. All calculations were performed with *Gaussian 09*. Further computational details are provided in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00125/suppl_file/oc7b00125_si_001.pdf).

4.2. Experimental Section {#sec4.2}
-------------------------

### 4.2.1. Cyclic Voltammetry {#sec4.2.1}

Cyclic voltammetry was performed with a CHI 650C potentiostat (CH Instrument) with scan rate of 0.1 V s^--1^. A custom glass cell with Teflon top accommodating a three-electrode setup and 4 mL of solution was used. The working electrode was glassy carbon (3 mm diameter) polished with alumina (1 μm), thoroughly rinsed with ethanol and dried. The counter electrode was a platinum grid, and Ag/AgCl was used as a pseudoreference electrode, which was placed as close as possible to the working electrode in order to minimize the ohmic drop. All the potentials were corrected using the ferrocenium--ferrocene redox couple as an internal standard (with *E*~m~ taken as 0.31 V vs SCE in acetonitrile and 0.45 V vs SCE in dichloromethane). The compound of interest was dissolved at a concentration of 1 mM in acetonitrile or dichloromethane previously distilled and kept over molecular sieves and K~2~CO~3~. Tetrabutylammonium hexafluorophosphate (TBAPF~6~) was kept in an oven overnight and then used as a supporting electrolyte for all experiments at a concentration of 0.5 M. The solution was purged with argon for 2 min prior to any experiment, and measurements were then taken under an argon atmosphere.

### 4.2.2. Infrared Spectroelectrochemistry (IRSEC) and FTIR {#sec4.2.2}

The experimental setup and design of the IRSEC cell has been published by the Kubiak Lab.^[@ref55],[@ref56]^ A Pine Instrument Company model AFCBP1 potentiostat was employed. As the potential was scanned, thin layer bulk electrolysis was monitored by Fourier-transform reflectance IR off the working electrode's surface. All experiments were conducted in 0.1 M TBAPF~6~/dichloromethane solutions with analyte concentrations of ∼3 mM (unless otherwise noted) prepared under a nitrogen atmosphere. The IRSEC cells used (working electrode/reference electrode/counter electrode) were glassy carbon/Ag/Pt, meaning that all potentials were in reference to a pseudoreference electrode, bare metal Ag/Ag^+^ (∼+200 mV from the Fc/Fc^+^ couple).^[@ref55]−[@ref57]^

FTIR spectra were obtained in a Bruker Vertex 70 using a CaF~2~ liquid transmission cell. The solvent (dichloromethane) was distilled over CaH~2~ and kept over molecular sieves and K~2~CO~3~. The compounds were dried under high vacuum overnight.

### 4.2.3. KIE Determination {#sec4.2.3}

Variable scan rate cyclic voltammetry of the compounds at scan rates varying from 0.1 to 500 V s^--1^ in dry acetonitrile was used to determine the KIEs with a potentiostat/galvanostat model 273A (EG&G Princeton Applied Research) using a glassy carbon rod (Tokai 1 mm diameter) as a working electrode, a platinum grid as a counter electrode, and a Ag/AgCl pseudoreference electrode in a conventional three-electrode cell. To measure the apparent rate constant of the redox process, the electron transfer (ET) rate must be separated from the rates of diffusion processes. This is accomplished by increasing the scan rate until ET becomes rate determining. The peak potential separation is measured as a function of the scan rate. This peak separation is used to construct the "trumpet plot" from which the apparent standard rate constant was determined using the DigiSim software.

The apparent standard rate constants were determined for the compounds dissolved in acetonitrile containing 2% (v/v) of either CH~3~OH or CH~3~OD methanol. The experimental KIE is estimated by the ratio of these apparent rate constants (*k*~appH~/*k*~appD~).

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acscentsci.7b00125](http://pubs.acs.org/doi/abs/10.1021/acscentsci.7b00125).Synthetic details; NMR, IR, IRSEC, electrochemical data; computational details; calculated redox potentials, IR spectra, free energies, and KIEs; analysis of rate constants; optimized Cartesian coordinates of all compounds studied ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00125/suppl_file/oc7b00125_si_001.pdf))
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